Tree species response to climate change-induced shifts in the hydrological cycle depends on many physiological traits, particularly variation in water relations characteristics. We evaluated differences in shoot water potential, vulnerability of branches to reductions in hydraulic conductivity, and water source use between Pinus contorta Dougl. ex Loud. var. latifolia Engelm. (lodgepole pine) and Pseudotsuga menziesii (Mirb.) Franco (interior Douglas-fir), and determined the consequences for seasonal changes in photosynthetic capacity. The Douglas-fir site had soil with greater depth, finer texture and higher organic matter content than soil at the lodgepole pine site, all factors that increased the storage of soil moisture. While the measured xylem vulnerability curves were quite similar for the two species, Douglas-fir had lower average midday shoot water potentials than did lodgepole pine. This implied that lodgepole pine exhibited stronger stomatal control of transpiration than Douglas-fir, which helped to reduce the magnitude of the water potential gradient required to access water from drying soil. Stable hydrogen isotope measurements indicated that Douglas-fir increased the use of groundwater during mid-summer when precipitation inputs were low, while lodgepole pine did not. There was a greater reduction of photosynthetic carbon gain in lodgepole pine compared with Douglas-fir when the two tree species were exposed to seasonal declines in soil water content. The contrasting patterns of seasonal variation in photosynthetic capacity observed for the two species were a combined result of differences in soil characteristics at the separate sites and the inherent physiological differences between the species.
Introduction
Climate change has contributed to shifts in the hydrological cycle in northern ecosystems such as a lower winter snow pack and earlier spring snow melt and runoff (Barnett et al. 2005 , Rood et al. 2005 . Further increases in atmospheric CO 2 concentration and associated warmer temperatures are projected to increase the frequency and intensity of summer drought (Meehl et al. 2007 ). There is concern that widespread forest decline will result from environmentally imposed physiological stress in trees and other climate-induced processes like insect outbreaks and forest fire (Allen et al. 2010 , van der Molen et al. 2011 . There is evidence that some forested ecosystems are already being negatively impacted by climate change, with the potential to disrupt important ecosystem services provided by forests and cause a positive feedback to further increases in atmospheric CO 2 concentrations (Allen and Breshears 1998 , Breshears et al. 2005 , Hogg et al. 2008 , Kurz et al. 2008 , van Mantgem et al. 2009 , Allen et al. 2010 , Matyas 2010 , Michaelian et al. 2011 .
There is variation among tree species in their ability to acclimate to, and survive, environmental change that is particularly dependent on variation in hydraulic characteristics and patterns of water use (McDowell et al. 2008 , Allen et al. 2010 . Under conditions of steady state, water loss in transpiration is balanced by water movement through stem xylem as represented in Eq. (1) (Whitehead et al. 1984 , Martínez-Vilalta et al. 2004 :
where g wv is the canopy-averaged conductance to water vapor between leaves and the atmosphere, A L /A S is the ratio of leaf area to sapwood area, D is the vapor pressure gradient between leaves and the atmosphere, K S is the sapwood-specific hydraulic conductivity and ΔΨ is the water potential gradient through the xylem. Equation (1) illustrates how variation in plant physiological characteristics could help to acclimate or adapt to conditions of low soil moisture availability (Martínez-Vilalta et al. 2004 , Creese et al. 2011 ). For example, higher K S or lower A L /A S would reduce the magnitude of the water potential gradient required to access water from drying soil or under conditions of increased D (Tyree and Ewers 1991, DeLucia et al. 2000) . Alternatively, plants with reduced vulnerability to water stress-induced xylem cavitation would suffer less loss of hydraulic conductivity as soil water stress caused declines in xylem water potential Sperry 2000, Maherali et al. 2004) . Some tree species have relatively high stem water storage that can buffer or slow changes in xylem water potential following increases in transpiration and xylem water flux (Meinzer et al. 2009 ). Finally, strong stomatal control of water loss could minimize ΔΨ values as soil water content declined, but this would come at the expense of restricting CO 2 uptake and plant carbon gain in photosynthesis (Brodribb and Feild 2000 , Sperry 2000 , Maherali et al. 2006 , Brodribb et al. 2007 . While Eq.
(1) provides a useful context in which to compare various plant characteristics among species for their potential contribution to acclimation and survival of summer drought, it does not consider soil water uptake or water transport in roots (Creese et al. 2011) . The availability of water to trees depends on the amount and timing of precipitation, the ability of the soil to store water, and the tree's ability to access resident soil moisture which is dependent on rooting pattern and other root characteristics that affect the efficiency of water uptake (Weltzin et al. 2003 , Meinzer et al. 2007 ). Stable isotope measurements can provide useful information about tree water source use (White et al. 1985 , Flanagan et al. 1992 , Ehleringer and Dawson 1992 , Dawson et al. 2002 . Since there is no fractionation during the bulk flow of water into the xylem, the isotope composition of xylem water can be used to trace the uptake of different sources of water, if the sources have naturally different isotope compositions . In temperate locations, the isotopic composition of precipitation varies seasonally so that summer rain often consists of water relatively enriched in heavy isotopes, while groundwater (a weighted average of year-round precipitation inputs) is relatively depleted in heavy isotopes (Dansgaard 1964 , Gat 1996 . A variety of other processes can also contribute to differences in the stable isotope composition of water in shallow and deeper soil layers , Brooks et al. 2010 . Measurements of the stable isotope composition of xylem water, in comparison with possible water sources, can indicate differences between tree species in functional rooting patterns that access contrasting soil layers, or variation between sites in the habitat's capacity for soil water storage and the availability of groundwater reserves.
Pinus contorta Dougl. ex Loud. var. latifolia Engelm. (lodgepole pine) and Pseudotsuga menziesii (Mirb.) Franco (interior Douglas-fir) are important dominant tree species on the eastern slopes of the Rocky Mountains in southwestern Alberta at the sharp transition zone that occurs between grassland and montane forest ecosystems in this region (Farr and Andrews 2003 , Chen et al. 2010 , Chhin et al. 2010 ). This transition zone should be very susceptible to anticipated climate changes, including warmer temperatures and shifts in availability of water sources (altered snow melt patterns, change in spring/summer precipitation and increased drought), with important ecological and economic consequences of forest decline in this region of national parks and watersheds that supply the prairie provinces (Schindler and Donahue 2006 , Schneider et al. 2009 , Boisvenue and Running 2010 . In southwestern Alberta, the two tree species normally form almost pure stands on sites that differ greatly in soil characteristics. In general, soil at sites dominated by Douglas-fir have greater depth, finer soil texture and higher organic matter content than soil at sites dominated by lodgepole pine, all factors that would increase the ability to store moisture (Andrews 2009 ). Previous studies have indicated that Douglas-fir and lodgepole pine also differ in physiological characteristics, with lodgepole pine considered to have the greater tolerance to drought (Smith 1985 , Piñol and Sala 2000 , Martínez-Vilalta et al. 2004 . Despite a greater drought tolerance, lodgepole pine was shown to be more susceptible than Douglas-fir to drought-induced loss of xylem hydraulic conductivity (Piñol and Sala 2000) . This implies that other physiological and structural characteristics of lodgepole pine may compensate to prevent shoot and stem water potentials from reaching values low enough to cause significant cavitation and loss of hydraulic conductivity under field conditions (Stout and Sala 2003, Martínez-Vilalta et al. 2004 ). In particular, we hypothesize that stronger stomatal control of transpiration in lodgepole pine could help reduce the magnitude of the water potential gradient required to access water from drying soil. If this was true, we would also predict a greater reduction of photosynthetic carbon gain in lodgepole pine compared with Douglas-fir when the two tree species were exposed to seasonal decreases in soil water content. The expected contrasting patterns of seasonal variation in photosynthetic carbon gain between lodgepole pine and Douglas-fir would be a combined result of differences in their typical site soil characteristics and the inherent physiological differences between the species.
The objective of this study was to measure shoot water potential, vulnerability of branches to reductions in hydraulic conductivity, and water source use between lodgepole pine and Douglas-fir, and to determine the consequences for seasonal changes in photosynthetic capacity and carbon isotope discrimination in order to test the hypotheses proposed above.
Materials and methods

Study sites
Fieldwork for the study was primarily conducted at two sites in southwestern Alberta, Canada in the front ranges of the Rocky Mountains during the summer growing season (May-October) of 2008. The Douglas-fir site (49.69901 °N, 114.02244 °W, elevation 1530 m) was located ~25 km north of Pincher Creek, Alberta on private ranch land. The town of Claresholm, Alberta is the closest (47 km) Environment Canada weather station with long-term temperature records, and Cowley, Alberta is the closest (15 km) Environment Canada weather station with long-term precipitation records. The mean annual temperature was 5.2 °C, and the average annual precipitation was 494 mm, with 61% rain and 39% snow. The lodgepole pine site (49.83208 °N, 114.42068 °W, elevation 1550 m) was located ~20 km north of Coleman, Alberta. The closest Environment Canada weather station was at Coleman, where the mean annual temperature was 3.5 °C and the average annual precipitation was 576 mm, with 69% rain and 31% snow. The Douglas-fir site was located ~30 km southeast of the lodgepole pine site. A comparison of the monthly average air temperature and the monthly total precipitation in May-October 2008 at the two study sites relative to the long-term (30-year) climate records is shown in Figure 1 . These two primary study sites were typical of areas dominated by the two species in southern Alberta. Lodgepole pine usually forms pure stands in the montane and sub-alpine zones of the Rocky Mountains, while relatively pure Douglas-fir forests extend slightly further east at lower elevations where the mountains and foothills transition into fescue grassland. A third study site that included both tree species (subsequently referred to as the 'combined site') was located ~24 km directly north of the Douglas-fir site, in similar terrain and with the same general forest features and same soil type as the Douglas-fir site. We used the combined site to evaluate inherent differences in (i) shoot water potential and (ii) the vulnerability of branches to loss of hydraulic conductivity between the two species while they were growing adjacently at the same site during August 2009.
Tree and forest characteristics
Tree and forest characteristics (tree diameter at breast height (DBH, 1.35 m above ground), tree height (measured with a clinometer), tree density and basal area) were sampled in quadrats positioned along three 100 m long transect lines at the two primary sites. At the Douglas-fir site, five 25 m 2 quadrats were sampled on each transect with the data gathered in all quadrats averaged for the entire transect (i.e., the transect was considered the basic sampling unit or replicate). At the lodgepole pine site, 5 or 10 quadrats of 25 or 100 m 2 were sampled on each transect depending on tree density. Sapwood area was also measured at all study sites by coring 10 randomly chosen trees and immediately marking the transition point between heartwood and sapwood. The transition point was distinguished by examining the core in direct sunlight and observing the transition between translucent and non-translucent tissue, sapwood being the translucent portion of the core. Sapwood area was calculated using the measured basal area of the tree and the depth of the sapwood (Hall et al. 2003 , West et al. 2008 .
Environmental measurements
Meteorological instruments were mounted on 3 m tall triangular masts that were installed in open areas at both primary study sites. Air temperature and relative humidity were measured using an air temperature and relative humidity probe (Vaisala HMP45C, Campbell Scientific, Edmonton, Alberta, Canada) mounted in a ventilated radiation shield at a height of 1.5 m. Soil temperature was measured at three soil depths (5, 15 and 30 cm) using thermistor soil temperature probes (107B, Campbell Scientific). Soil water content reflectometers (CS616, Campbell Scientific) were installed at an angle to sample the 0-15 cm depth in three locations at each primary study site. The reflectometer period measurements were calibrated and converted to volumetric water content measurements based on manual measurements of volumetric soil moisture content that were collected at intervals throughout the growing season. The manual soil moisture samples were collected using a soil corer (0-15 cm depth) from five randomly chosen locations at each primary study site at ~2-week intervals during May-October 2008. Total rainfall was measured in 30-min intervals with a tipping bucket rain gauge (CS700, Campbell Scientific). All meteorological sensors were connected to a data logger (CR23X, Campbell Scientific) and, with the exception of the rain gauge, were scanned at 5-s intervals and stored as 30-min averages. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Shoot water potential and branch vulnerability to loss of hydraulic conductivity
Shoot water potential measurements were made at both primary field sites at intervals during the 2008 growing season using a pressure chamber (PMS Instruments Co., Corvallis, OR, USA). Samples (n = 5) were collected from fully exposed, south-facing branches at a height of 2 m above ground for predawn water potentials and then midday measurements were subsequently conducted between 12:00 and 14:00 h mountain daylight time on the same day. Water potential measurements were also made at the combined site on two individual trees from both species at ~2 h intervals from predawn until darkness on 2 days (Days 231-232) in August 2009. At the combined site, samples were collected near the tops of the ~14 m tall trees via access from a scaffold erected next to the four sample trees.
Vulnerability of xylem to loss of hydraulic conductivity caused by air embolism was measured using the centrifugal 'Cavitron' method developed by Cochard et al. (2005) . Branch samples with a basal diameter of ~2 cm were collected from the main stem of five or six separate trees of both species at all three field sites in July-August 2009. The branches were immediately wrapped in plastic and kept on ice in a cooler until they were returned to the lab where they were placed in a fridge at 4 °C. The next day, the basal ends of the branches were re-cut under tap water three times, removing at least 2 cm with each cut. Samples to be used in the Cavitron were straight segments (276 mm in length, 7 or 8 mm in diameter) that were prepared by cutting samples from the branches that had been kept submerged in tap water. The bark on the branch segments was kept intact, except for a 2 cm length at the ends that was removed so that the segments could be immersed in a solution (100 ml KCl) contained in plastic reservoirs. The Cavitron consisted of a centrifuge (Allegra X22R, Beckman Coulter, Krefeld, Germany) with a custom-modified rotor described by Cochard et al. (2005) . A pressure difference during centrifugation forces the solution to flow through the branch from an upstream to a downstream reservoir. The flux rate of solution through the branch was determined by measuring the time for a specific amount of solution to move from the upstream reservoir by observing the change in the position of a meniscus through a microscope focused on the upstream reservoir. Maximum branch hydraulic conductivity (K max ) was first measured in the Cavitron at a low rotor speed that did not induce embolisms. This represented the maximum hydraulic conductivity of the branches at their native state of embolism when they were collected in the field. Subsequent stem hydraulic conductivity (K) was then measured at progressively more negative xylem pressures by increasing the speed of the rotor and percent loss of conductivity (PLC) was calculated as:
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The following equation was fit to measured data (PLC and water potential (Ψ) (calculated from rotor speed)) collected for each branch sample:
where a is an indicator of the rate of change and b is the xylem water potential at which 50% loss of conductivity occurred (Ψ 50 ). Non-linear least-squares regression was used to calculate estimates of a and b for each stem sample using the Gauss-Newton method in SYSTAT10.2 (Systat Software Inc., Chicago, IL, USA). Following Domec and Gartner (2001), we calculated other parameters that helped provide physiological insights from a comparison of vulnerability curves between tree species. The parameter Ψ e (calculated as Ψ e = 2/a + b) is the air entry point and is an estimate of the water potential at which cavitation starts. The parameter Ψ 100 (calculated as Ψ 100 = −2/a + b) is the xylem water potential at which 100% loss of conductivity occurs and xylem function fails. The actual slope (s, calculated as s = 100a/4) of the linear portion of the conductivity loss vs. the xylem water potential curve is an indicator of the margin of safety between Ψ e and Ψ 100 .
Stable hydrogen isotope composition of xylem water and potential water sources
Suberized branch samples (5 cm long, 5-10 mm diameter) were collected from five randomly selected trees at both primary sites at 2-week intervals (new trees were selected each sample period) during the 2008 growing season. Samples were collected from sun-exposed branches at heights of 2-5 m above ground, immediately cut into 1 cm long segments and sealed in a glass vial. Samples were stored in a lab freezer until xylem water extractions were completed.
Xylem water was extracted from frozen branch samples using cryogenic vacuum distillation , West et al. 2006 . Extracted water was transferred into small glass vials containing 0.01 mg of activated charcoal for 24 h to remove organic impurities in the water before analysis.
Samples of groundwater at the Douglas-fir site were collected at 2-week intervals from a household water tap and from a cattle water well located on the ranch property. A source of groundwater was not found at the lodgepole pine site. Precipitation samples were collected at each field site using six 2 l plastic containers with an attached funnel. A table-tennis ball, held inside the funnel by wire mesh crimped onto the top of the funnel, was used to help prevent evaporation of water from the container. Water in the containers was removed at 2-week intervals during the growing season and returned to the lab where the amount of water collected was measured and sub-samples of the precipitation were stored in sealed glass vials until isotope analysis was completed.
The hydrogen in water was converted to H 2 using the zinc reduction method (Coleman et al. 1982) , and the hydrogen gas samples were analyzed in dual-inlet mode on a gas isotope ratio mass spectrometer (DeltaPlus, Thermo-Finnigan, Bremen, Germany). The stable hydrogen isotope ratio (δD) was expressed using delta notation (in parts per thousand, ‰):
where R is the molar ratio of heavy to light isotopes and the 'standard' subscript refers to Vienna-Standard Mean Ocean Water (V-SMOW). Unknown samples were run along with three lab standards that had been previously calibrated by comparison to international water standards provided by the International Atomic Energy Agency. The precision of the analyses (3‰) was determined based on the standard deviation of 37 measurements for each of the three working standards analyzed during the course of this project.
Photosynthetic capacity and leaf δ 13 C measurements
One-year-old needle samples were collected at midday from five randomly selected trees at 2-week intervals (new trees were selected each sample period) during the 2008 growing season at both primary study sites. Needles were collected from fully sun-exposed, south-facing branches of trees at a height of 2 m above ground. Measurements of photosynthetic oxygen evolution rate were made on needle samples with a leaf disc oxygen electrode chamber (LD-2/3, Hansatech, King's Lynn, Norfolk, UK) equipped with a halogen light source (LS-2, Hansatech) (Delieu and Walker 1981) . Measurements were made under a saturating photon flux density of 2100 µmol m −2 s −1 at 25 °C after the chamber was flushed with gas from a cylinder containing 5% CO 2 in air. Subsequent to the measurements, needles were sealed in envelopes and brought back to the lab where they were dried at 60 °C for 48 h, weighed, and then ground to a fine powder and used for measurements of total nitrogen content and carbon isotope composition (see below). Additional needle samples were collected at both sites from similar positions on the trees and projected leaf area was determined with a leaf area meter (LI-3000, LiCor, Lincoln, NE, USA). The samples were then dried and used to develop site-specific relationships for each species between needle dry weight and projected leaf area. These linear relationships were used to convert needle dry weight to leaf area so that oxygen evolution rate measurements could be expressed on a leaf area basis. Seasonal changes in the capacity for photosynthetic oxygen evolution were modeled as a function of daily average Table 1 . Comparison of tree and forest characteristics at the Douglas-fir and lodgepole pine sites. Tree DBH, height, density and basal area (average ± SE) were determined on trees sub-sampled in quadrats located along three 100 m transect lines at each site (n = 3 transect lines). Sapwood area was measured on 10 randomly chosen trees sampled at each site. Statistical significance was based on analysis of variance (NS, not significantly different).
Douglas-fir Lodgepole pine Significance
Tree diameter (cm) 23.9 ± 6.4 17.6 ± 1.1 NS Tree height (m) 14.1 ± 1.5 15.2 ± 0.8 NS Tree density (ha −1 ) 1493 ± 308 1340 ± 227 NS Basal area (m 2 ha −1 ) 58.7 ± 8.8 29.7 ± 2.3 P < 0.05 Tree sapwood area (cm 2 ) 175.7 ± 29.8 224.9 ± 38.5 NS Sapwood area (% of basal area) 37.7 ± 2.0 50.1 ± 5.7 NS
Tree Physiology Online at http://www.treephys.oxfordjournals.org acclimation temperature (T accl , Makela et al. 2004 , Kolari et al. 2007 . T accl accounts for the lagged response of photosynthesis to changes in air temperature. The lagged response is based on a 200 h time constant that was previously found to work well for describing the physiological acclimation of photosynthesis to temperature changes in different northern conifer tree species (Kolari et al. 2007 , Flanagan et al. 2012 ). The T accl in the current time period (T accl(i) ) was calculated from the change in T accl (ΔT accl ) and the T accl from the previous time period (T accl(i−1) ):
where T air is the measured air temperature (0.5 h average value), dt is change in time (0.5 h) and τ is the lag period (200 h). The calculations were initiated with T accl set equal to T air at midnight on 1 April 2008. A daily average acclimation temperature (Daily T accl ) was then calculated and used for modeling seasonal change in measured photosynthetic oxygen evolution rate (P m ):
where P max is the maximum oxygen evolution rate, c is the slope of the relationship between P m and Daily T accl when P m is 50% of maximum, and d is the daily temperature at which P m is 50% of maximum. Equation (7) was fitted to measured data using non-linear least-squares regression and the Gauss-Newton method in SYSTAT10.2 in order to calculate values for c and d. The total nitrogen content and stable 13 C/ 12 C isotope composition of dried needle tissue were analyzed using an elemental analyzer (NC2500, Carla Erba, Milan, Italy) connected to a gas isotope ratio mass spectrometer operating in continuousflow mode (DeltaPlus, Thermo-Finnigan). The carbon isotope composition was expressed using delta notation (δ 13 C, ‰) relative to the international PeeDee belemnite standard. The precision of the analyses (δ 13 C, 0.1‰; N content, 0.1%) was determined based on the standard deviation of 23 measurements for each of two working standards analyzed during the course of this project.
Statistical analyses
In addition to the non-linear least-squares regression noted above, one-and two-way analyses of variance were used to evaluate significant differences between species and seasonal variation in physiological measurements and environmental conditions. Pearson correlation coefficients were used to evaluate the degree of association among physiological measurements and environmental conditions. All statistical analyses were conducted with SYSTAT10.2.
Results
Tree characteristics at the primary study sites
There was no significant difference between the two species in tree height and tree density at the primary study sites (Table 1) . There was a trend toward larger-diameter trees at the Douglasfir site and this, along with slightly higher average tree density, resulted in basal area being almost twice as high at the Douglas-fir site than at the lodgepole pine site (Table 1) . Sapwood area (as a percentage of basal area) averaged 50.1% at the lodgepole pine site compared with 37.7% at the Douglasfir site (Table 1) .
Variation in precipitation, soil moisture and shoot water potential
There was a strong, consistent reduction in soil moisture content at both primary study sites during late May-September (Days 150-246), with the lowest soil moisture content recorded on Day 246 (2 September) (Figure 2c and d) . Subsequent precipitation over a period of several days (Days 247-257) (Figure 2a and b) caused soil moisture to temporarily increase, but it soon resumed declining again until the end of the sampling period in October (Figure 2c and d) . Significant Tree Physiology Volume 32, 2012 seasonal variation was apparent at both sites for manual, volumetric soil moisture content (Douglas-fir (DF) site, F(14,60) = 13.8, P < 0.001; lodgepole pine (LP) site, F(14, 60) = 4.3, P < 0.01; Figure 2c and d), but no significant difference occurred between sites (F(1, 148) = 3.9, P > 0.05).
Douglas-fir had a lower seasonal-average (±SE), predawn water potential than lodgepole pine (−1.37 ± 0.06 vs. −0.92 ± 0.04 MPa; F(1, 58) = 43.7, P < 0.001). Both species also exhibited significant seasonal variation in predawn water potential (DF site, F(5, 24) = 22.9, P < 0.01; LP site, F(5, 24) = 5.3, P < 0.01; Figure 2e and f). Douglas-fir predawn water potential declined from mid-July (Day 198) to the beginning of September (Day 247) in association with coincident reductions in soil moisture (Figure 2) . A decline in lodgepole pine predawn water potential only occurred from the beginning of July (Day 186) to the end of July (Day 212), corresponding to the initial onset of the decline in soil moisture, but it remained relatively constant for the remainder of the growing season (Figure 2 ). Douglas-fir had lower midday water potential than lodgepole pine when data were averaged (±SE) over the entire growing season (−2.20 ± 0.04 vs. −1.50 ± 0.03 MPa; F(1, 146) = 221.2, P < 0.001). Both species showed significant seasonal variation in midday water potential (DF, F(14, 58) = 10.2, P < 0.001; LP, F(14, 60) = 14.6, P < 0.001). In addition, a significant 'species' by 'day of year' interaction was observed, indicating that seasonal patterns of midday water potential differed between species (F(14, 118) = 7.9, P < 0.001). Douglas-fir showed an increase in midday water potential from the beginning of July to the end of August (Days 185-239) that was negatively correlated with change in volumetric soil moisture (r = −0.91, P < 0.05). A subsequent decline in midday water potential was seen during the sampling days in September (Days 247-275), followed by a rise in midday water potential near the end of the Tree Physiology Online at http://www.treephys.oxfordjournals.org growing season (Days 289-303) . Variation in midday water potential in lodgepole pine was not as large as occurred in Douglas-fir (Figure 2e and f) . During the initial time period when soil moisture was strongly diminishing (Days 186-212), lodgepole pine midday water potentials also increased and then remained relatively constant for the rest of the growing season, with the exception of the lowest water potential value recorded on Day 246 (Figure 2f) , which was near the time when soil moisture content reached its lowest value (Figure 2d ). The increase in lodgepole pine midday water potential during Days 186-212 was negatively correlated with change in volumetric soil moisture content (r = −0.91, P < 0.05). There was a trend toward a larger average (±SE) difference between predawn and midday water potential measurements in Douglas-fir compared with lodgepole pine (0.84 ± 0.15 vs. 0.46 ± 0.14 MPa; Figure 2e and f).
We also conducted water potential measurements over two diurnal cycles on Douglas-fir and lodgepole pine trees growing together at the combined site in August 2009 in order to evaluate inherent species differences in a common environment. While the predawn measurements were the same in both species, midday water potential in Douglas-fir consistently reached lower values than did lodgepole pine (Figure 3a and b).
Comparison of xylem vulnerability curves
Douglas-fir and lodgepole pine branch samples had very similar responses of hydraulic conductivity loss to decreasing xylem water potential (Figure 4, Table 2 ). However, both the air entry point (Ψ e ) and the point at which 50% loss of conductivity occurred (Ψ 50 ) were significantly lower in lodgepole pine than in Douglas-fir for branch samples collected from trees growing at the separate study sites (Table 2 ). No significant difference occurred between the two species for any of the features of the vulnerability curves measured on samples collected at the combined study site (Table 2) . 
Stable isotope composition of xylem water and environmental waters
There was a strong linear relationship between the δD of precipitation collected at the two primary study sites (y = 0.883x-6.296, r 2 = 0.79, n = 14, P < 0.05). The amount-weighted average δD value of precipitation samples collected during late April-October 2008 was −121‰ at the Douglas-fir site and −114‰ at the lodgepole pine site. These values were consistent with a long-term (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) record of the δD value of precipitation collected at Calgary, Alberta (~150 km north of the study sites) (Peng et al. 2004) . Groundwater sampled from a well at the Douglas-fir site had an average (±SD) δD value of −150 ± 3‰, with no significant seasonal variation (F(13, 12) = 0.26, P > 0.05). No groundwater spring or well was available at the lodgepole pine site, but five other nearby springs sampled in the front ranges of the Rocky Mountains in southwestern Alberta during summer 2009 had an average (±SD) δD value of −146 ± 2‰ (S.B. Rood, unpublished data). In addition, the average (±SD) δD value of water from the Oldman River at a point 33 km upstream of the Oldman River dam (near the river's head waters and the lodgepole pine site) was −144 ± 3‰ (Rock and Mayer 2007) . If groundwater was available at the lodgepole pine site, we suggest that it should have a δD value of ~ −145‰.
Soil water available to trees should be a mixture of (i) water already resident in the unsaturated soil, (ii) water input from precipitation and (iii) any groundwater supplies that may be accessible to deep tree roots. Unfortunately, we do not have measurements of the δD of water extracted directly from soil samples. The δD of rain samples represented measurements on cumulative water samples collected during the 2-week interval preceding the date that the sample was shown plotted in Figure 5a and b. In order to estimate the mixing of this rain water in the soil, we calculated an amount-weighted average of the δD of rain samples using a three-point moving window average, with the three points representing the three 2-week intervals preceding the date that the weighted average was shown plotted in Figure 5a and b. Comparison was then made of the δD of xylem water with the δD of the weighted-average precipitation and groundwater at the primary study sites (Figure 5c and d) .
The average (±SE) δD of xylem water in Douglas-fir (−131 ± 1‰) was significantly lower than in lodgepole pine (−119 ± 1‰) (F(1, 145) = 64.7, P < 0.001). Significant seasonal variation also occurred for Douglas-fir xylem water δD values (F(14, 58) = 3.4, P < 0.001; Figure 5c ), but this was not observed in lodgepole pine (F(14, 59) = 1.8, P > 0.05; Figure 5d ). A 'species' by 'day of year' interaction was also observed, indicating that seasonal patterns of variation in xylem water δD differed between species (F(14, 117) = 1.8, P < 0.05). Xylem water δD values in both species were generally more enriched in deuterium than groundwater values and consistently closer to the weighted-average values for precipitation (Figure 5c and d) . However, during late July to early September (Days 210-250) when shallow soil water content (0-15 cm depth) was quite low (Figure 2c and d) , Douglas-fir xylem water δD values shifted toward that of groundwater, suggesting that Douglas-fir made use of groundwater when precipitation inputs were lacking. In response to subsequent precipitation during Days 245-257 (Figure 2 ), Douglas-fir xylem water δD increased so that values during Days 260-304 were similar to those during Days 150-185, and xylem water δD was again much closer to the weighted-average δD for precipitation (Figure 5c ). Figure 5 . Seasonal variation in the hydrogen stable isotope composition (δD, ‰) of rain samples collected at ~2-week intervals and the amountweighted average of the rain samples, with the average calculated using a moving window that included a given date's sample along with the previous two sampling periods at the Douglas-fir (a) and lodgepole pine (b) study sites during 2008. Also shown is the hydrogen stable isotope composition (δD, ‰) of plant xylem water (average ± SE, n = 5), the amount-weighted precipitation and groundwater samples at the Douglas-fir (c) and lodgepole pine (d) study sites during 2008. The estimated, possible groundwater δD value at the lodgepole pine site was based on measurements of groundwater samples collected at several nearby springs in southwestern Alberta (see main text for details).
Tree Physiology Online at http://www.treephys.oxfordjournals.org Variation in photosynthetic capacity and leaf δ 13 C Lodgepole pine (average ± SE; 28.3 ± 1.8 µmol m −2 s −1 ) had significantly higher light-and CO 2 -saturated rates of oxygen evolution at 25 °C (photosynthetic capacity) than Douglas-fir (22.7 ± 1.2 µmol m −2 s −1 ), when measurements were averaged over the entire sampling period (F(1, 147) = 6.8, P < 0.05). This difference in photosynthetic capacity was consistent with significant differences in total leaf nitrogen content measured between the species (LP, 11.2 mg g −1 ; DF, 10.2 mg g −1 ; F(1, 146) = 9.8, P < 0.01). Significant seasonal variations in oxygen evolution rates were observed for both species (DF, F(14, 59) = 4.9; LP, F(14, 60) = 8.9, P < 0.001). In addition, a 'species' by 'day of year' interaction also existed (F(14, 119) = 5.6, P < 0.001), indicating that the seasonal pattern of variation differed between the species, as described further below.
During May-June (Days 122-182), there was an increase in oxygen evolution rate in both species as the trees recovered from winter dormancy, and the temporal variation in photosynthetic capacity was strongly correlated with seasonal changes in acclimation temperature (Figure 6a and b) . From the beginning of July through to the start of September (Days 185-246), there was a consistent decline in oxygen evolution rate in lodgepole pine that was correlated (r = 0.83, P < 0.05) with the associated reduction in soil moisture (Figure 7b and d) .
Following rain in September and a correlated increase in soil moisture, there was a dramatic recovery of oxygen evolution rate in lodgepole pine measured on 30 September (Day 274), with subsequent declines in oxygen evolution occurring through October (Days 275-305) as temperatures cooled and the trees initiated winter dormancy (Figure 7b and d) . Seasonal variation in oxygen evolution rate in lodgepole pine throughout much of the growing season was strongly correlated with predictions of the acclimation temperature model (Eq. (7)), the exception being Days 185-260 when reductions in soil moisture appeared to strongly limit photosynthetic capacity at the lodgepole pine site (Figure 7d) .
After the increase in photosynthetic capacity during MayJune (Days 122-182) associated with recovery from winter dormancy, oxygen evolution rates in Douglas-fir remained relatively constant until late September (Day 270) and were largely consistent with predictions of the acclimation temperature model (Eq. (7)), with the exception of the one very low rate measured on Day 246 when soil moisture was at its seasonal low value (Figure 7a and c) . We suggest that only the very low oxygen evolution rate measured on Day 246 was caused by low soil moisture availability, and so Douglas-fir experienced less soil moisture-induced reductions in photosynthetic capacity than did lodgepole pine. Figure 6 . Effect of changes in daily average acclimation temperature on photosynthetic oxygen evolution. The oxygen evolution measurements were made on detached leaves under saturating light intensity (photon flux density (400-700 nm) 2100 µmol m −2 s −1 ), 25 °C and 5% CO 2 in air (average ± SE, n = 5). The curves represent fits of Eq. (7) to the photosynthetic data measured during the recovery of photosynthetic function from winter dormancy at the start of the growing season at the Douglas-fir site, Days 122-186 at the lodgepole pine site). The fitted coefficients for Eq. (7) Comparison of seasonal variation in daily-average acclimation temperature, daily-average soil volumetric water content (water content reflectometers) (a, b) and photosynthetic oxygen evolution measurements (c, d) during 2008 at the Douglas-fir and lodgepole pine study sites, respectively. The measurements of oxygen evolution were made at saturating light intensity (photon flux density (400-700 nm) 2100 µmol m −2 s −1 ), 25 °C and 5% CO 2 in air (average ± SE, n = 5, on each sampling date). The modeled oxygen evolution values (dotted line in panels c, d) represent calculations made with Eq. (7) (see Fig. 6 ) as a function of seasonal variation in daily average acclimation temperature, and assume that temperature was the only environmental factor controlling seasonal changes in photosynthetic oxygen evolution rates.
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There was a significant 0.9‰ difference between species for leaf δ 13 C when values were compared as seasonal averages (±SE) (DF, −26.1 ± 0.1‰; LP, −27.0 ± 0.1‰; F(1, 146) = 62.2, P < 0.001). No significant seasonal variation occurred for δ 13 C values in either species (DF, F(14, 59) = 1.2, P > 0.05; LP, F(14, 59) = 1.2, P > 0.05).
Discussion
Significant differences occurred between Douglas-fir and lodgepole pine for seasonal changes in photosynthetic capacity at the primary study sites (Figure 7 ). This variation between species in oxygen evolution rates was not directly a result of stomatal limitation of photosynthetic gas exchange, because the measurements were made at saturating CO 2 concentrations (5% CO 2 in air). However, strong stomatal limitation of photosynthetic gas exchange under severe soil moisture stress can result in temporary reduction in the biochemical capacity for photosynthesis in order to match the supply of carbon dioxide with photosynthetic metabolism (Sharkey 1985) . The close correlation between seasonal variation in oxygen evolution rates and predicted variation based on seasonal temperature changes suggested that soil moisture was not a major limitation to photosynthesis at the Douglas-fir site (Figure 7) . Only when soil moisture was at its lowest level on Day 246 did it appear to provide a significant limitation to measured oxygen evolution rates at the Douglas-fir site. Seasonal change in oxygen evolution capacity in lodgepole pine was also strongly correlated to temperature when soil moisture was high, but it was severely reduced and it departed from temperature-based predictions when soil moisture declined during the middle of the growing season ( Figure 7 ). Previous studies with spruce (Picea glauca (Moench) Voss × Picea engelmannii Parry hybrid) have also shown strong reductions in photosynthetic carboxylation capacity caused by severe summer soil moisture stress (Eastman and Camm 1995) . We suggest that the contrasting changes in photosynthetic capacity were a combined result of (i) differences in soil characteristics at the two study sites and (ii) inherent differences between the two tree species in water relations characteristics and regulation of stomatal conductance.
Soil at the Douglas-fir site had greater depth (combined A and B horizons, 31 cm), finer soil texture and higher organic matter, all factors that would increase the ability to store moisture (Andrews 2009 ). In comparison, soil at the lodgepole pine site was shallow (combined A and B horizons, 16 cm) with a relatively coarse texture, indicating a relatively low ability to store water (Andrews 2009) . While the seasonal variation in soil water content was very similar for the two sites (Figure 2c and d), these measurements only represented the 0-15 cm depth. Douglas-fir should have had better access to soil moisture and likely higher soil water potential because of the greater soil volume and finer soil texture (Warren et al. 2005) , and this likely contributed to Douglas-fir not being exposed to soil moisture-induced reductions in photosynthetic capacity to the same degree as lodgepole pine (Figure 7) .
In the past, predawn water potential measurements have been used as an indicator of soil water potential (Donovan et al. 2001 (Donovan et al. , 2003 . If this practice was robust, our predawn water potential measurements would suggest that soil water potential was higher at the lodgepole pine site than the Douglas-fir site (Figure 2 ). However, several recent studies have shown that there can be significant disequilibrium between soil water potential near roots and plant predawn water potential (Donovan et al. 2001 (Donovan et al. , 2003 . Night-time transpiration is one mechanism that can contribute to the disequilibrium between soil and predawn water potential, and night-time transpiration has been observed in many species across a wide range of plant functional types, including conifer trees (Caird et al. 2007 ). Higher rates of night-time transpiration are expected in well-watered plants than in droughtstressed plants (Caird et al. 2007) . Hydraulic redistribution of water from deep to shallow soil layers can also influence the disequilibrium between soil water potential and plant predawn water potential and, at least for Douglas-fir forests, several studies have reported high rates of hydraulic redistribution as summer droughts develop (Brooks et al. 2002 , Warren et al. 2005 , Meinzer et al. 2007 ). So the differences we observed in predawn water potential between Douglas-fir and lodgepole pine likely do not accurately reflect on soil water potential differences between the two primary study sites.
Douglas-fir and lodgepole pine showed different patterns of seasonal variation in predawn and midday water potential at the primary study sites, with Douglas-fir consistently having lower midday water potentials than lodgepole pine (Figure 2e and f) . In addition, when measured in trees growing adjacently at the combined site, Douglas-fir also had lower midday water potentials than lodgepole pine, indicating that there were inherent differences in water relations characteristics between the two species (Figure 3) . Although not statistically significant, lodgepole pine had a larger proportion of sapwood in comparison with Douglas-fir. In addition, previous research has shown that Douglas-fir had a higher leaf area to sapwood ratio than lodgepole pine (Waring et al. 1982, Piñol and Sala 2000) . This suggests that for a given leaf area, Douglas-fir would have lower sapwood area, less conducting xylem and higher hydraulic restrictions to water transport compared with lodgepole pine. This may have contributed to the lower midday water potentials that we observed for Douglas-fir (Figures 2 and 3) . We suggest, however, that highly conservative control of stomatal conductance was the primary factor contributing to the higher midday water potentials in lodgepole pine compared with Douglas-fir. Previous studies have documented that Douglas-fir regulates water loss by conservative control of stomatal conductance (Domec et al. 2008) , and this was apparent at our study site as well. For example, similar to the pattern observed for lodgepole pine during Days 186-212, Douglas-fir showed an increase in midday water potential during Days 180-240 that was negatively correlated with change in soil moisture (Figure 2 ). So both species showed relatively conservative water-use strategies by restricting reductions in midday water potential as soil moisture declined. However, based on our data, we suggest that lodgepole pine is even more conservative than Douglas-fir, with stomatal conductance and transpiration strongly regulated to minimize diurnal and seasonal variation in shoot water potential.
While the measured xylem vulnerability curves were quite similar for the two species, lodgepole pine did show an ability to withstand more negative water potentials than Douglas-fir before Eco-physiology of Douglas-fir and lodgepole pine 157 significant loss of hydraulic conductance occurred (Figure 4 , Table 2 ). This was in contrast to data from Piñol and Sala (2000) , which indicated that lodgepole pine was more vulnerable to cavitation than Douglas-fir. Our measurements using the Cavitron also showed a higher Ψ 50 of −3.3 MPa for Douglas-fir than an average (±SD, n = 10) of −4.9 ± 0.5 MPa based on published Ψ 50 values reviewed by Martínez-Vilalta et al. (2004) , although Domec and Gartner (2001) reported Ψ 50 values for Douglas-fir very similar to ours. The vulnerability of xylem to cavitation is very dependent on the position of the branch sample on the tree axis, with terminal branches having lower Ψ 50 values than larger branches and main stems Gartner 2001, Domec et al. 2008) , which may influence and complicate comparisons of vulnerability curves among studies.
Water sources available to trees can be groundwater, which at the Douglas-fir site had a stable δD value throughout the growing season, and precipitation, which typically shows strong seasonal variation in hydrogen isotope composition. Water in the unsaturated soil zone is a mixture of precipitation inputs that come at different times, and the mixing and consequent isotopic composition of this soil water is a mass balance process that is also partially influenced by the amount and isotopic composition of water removed by plant uptake and evaporation, along with other processes. Some water in the soil can be held so tightly by matrix forces that it does not mix freely with other water in the unsaturated zone but can only be removed by the low water potentials developed in plant roots (Brooks et al. 2010) . Use of xylem water δD values to interpret plant water source use is a complicated process therefore, particularly when measurements of the isotope composition of soil water are not available, as was the case in this study. However, we suggest that our measurements allow some insights to be gained about differences in water source use at the Douglas-fir and lodgepole pine study sites. These insights primarily result from analysis of xylem water collected during the middle portion of the growing season (i.e., late July to early September, Days 210-246) at the Douglas-fir site. We suggest that the strong decline in the Douglas-fir xylem water δD values that reached a minimum on Day 246 resulted from an increased use of groundwater because the amount of water input to the soil from precipitation was quite small during this time (Figure 2) . Our results were consistent with other studies in Douglas-fir forests in Washington State, USA that showed that increased water uptake by deep roots compensated for reduced water acquisition by shallow roots during summer dry periods (Warren et al. 2005 , Meinzer et al. 2007 ). Warren et al. (2005) reported that even though Douglas-fir root biomass was higher in the shallow nutrient-rich soil, most water uptake occurred at depths >60 cm where deep roots were responsible for 50-80% of water uptake during dry periods in August-September. In contrast, in our study lodgepole pine trees showed no significant seasonal variation in xylem water δD values, and the xylem water values were more enriched in deuterium than any possible groundwater source and closer to summer precipitation inputs ( Figure 5 ). The distinctions in xylem δD values and implied water source use between Douglas-fir and lodgepole pine were consistent with differences in soil characteristics at the two primary study sites.
Contrary to expectations, Douglas-fir needles had slightly (0.9‰) higher average δ 13 C values than lodgepole pine, likely a result of the differing responses to declining soil moisture in mid-summer. While photosynthetic capacity in lodgepole pine was strongly reduced as soil moisture content declined, Douglas-fir maintained relatively constant values of photosynthetic capacity (Figure 7 ). This should have resulted in carbon being fixed at relatively lower intercellular CO 2 /ambient CO 2 concentrations in Douglas-fir as soil moisture declined, and likely explains the observed slightly higher needle δ 13 C values (Farquhar et al. 1989) . Variation in leaf mesophyll conductance between species could also affect the chloroplast CO 2 concentration and leaf δ 13 C values, and Douglas-fir is known to have relatively low mesophyll conductance (Ethier et al. 2006) . The potentially lower leaf-specific hydraulic conductivity in Douglasfir may have also contributed to lower intercellular CO 2 /ambient CO 2 concentrations and higher δ 13 C values than observed for lodgepole pine (Panek 1996, Panek and Waring 1997) . The fact that measurements were made on 1-year-old needles (rather than current-year needles) would also likely reduce the magnitude of the 2008 growing season environmental effects on δ 13 C values and the potential differences between species.
In conclusion, the measured xylem vulnerability curves were quite similar for the two species, but lodgepole pine exhibited stronger stomatal control of transpiration than Douglas-fir, which helped reduce the magnitude of the water potential gradient required to access water from drying soil. Douglas-fir trees were able to make use of groundwater as shallow soil moisture declined during mid-summer because of lack of precipitation inputs, while this did not occur in lodgepole pine. These factors combined to result in a greater reduction of photosynthetic carbon gain in lodgepole pine compared with Douglas-fir when the two tree species were exposed to seasonal declines in soil water content. The differences we observed between Douglas-fir and lodgepole pine for xylem water δD values and water relations characteristics were similar to patterns of variation in hydraulic characteristics, water potential and water source use documented in several studies of Pinus edulis Engelm. and Juniperus osteosperma (Torr) Little in the southwestern USA (Flanagan et al. 1992 , Williams and Ehleringer 2000 , West et al. 2007a , 2007b , McDowell et al. 2008 . Lodgepole pine has physiological characteristics more similar to those of P. edulis, a species that has recently experienced significant death in response to warmer and drier conditions in the American southwest (Allen and Breshears 1998 , Breshears et al. 2005 , Adams et al. 2009 , Allen et al. 2010 . We suggest, therefore, that based on lodgepole pine's physiological characteristics and the shallow, coarse-textured soil conditions of its typical habitat, it is more susceptible than Douglas-fir to climate change-induced forest decline, at least in the region of southwestern Alberta.
